B erg et al. (1) reported the discovery of a CO 2 -fixation pathway in autotrophic members of the archaeal order Sulfolobales, as well as in members of the Cenarchaeales and Archaeoglobales. This pathway, which the authors refer to as the 3-hydroxypropionate/4-hydroxybutyrate pathway, is shown to comprise a cycle of 16 enzymes, one of which is the proposed key enzyme 4-hydroxybutyryl-CoA dehydratase (4HCD). Based on a comparison of abundances of 4HCD and RuBisCo sequences in the Global Ocean Sampling (GOS) data (2), Berg et al. (1) predicted the abundance of the newly discovered CO 2 -fixation pathway in the ocean surface waters to be of the same order of magnitude as the Calvin-Bassham-Benson cycle, which is known to be of global importance for carbon cycling. In addition, the authors proposed the existence of an abundant group of mesophilic autotrophic Crenarchaea in the ocean surface waters that uses the proposed 3-hydroxypropionate/ 4-hydroxybutyrate pathway for CO 2 assimilation. We raise several concerns about the validity of these claims.
First, the abundance of 4HCD homologs does not necessarily reflect the abundance of the 3-hydroxypropionate/4-hydroxybutyrate pathway, because this enzyme is also known to participate in 4-aminobutyrate fermentation in a few strict anaerobic bacteria (3) . Moreover, homologs of 4HCD are implicated in unrelated metabolic processes, including phenylacetate catabolism (4) and pyoverdine chromophore biosynthesis (5) .
Second, solely comparing the "number of identified…gene sequences" (1) in metagenomics data does not provide an accurate estimate of the relative abundances of the enzyme or the species, because these numbers depend on the criteria used for homolog identification, gene copy numbers, presence of paralogs, rates of gene sequence evolution, cloning efficiencies, and lengths of the individual genes, or even the choice of filter-fraction size for sample collection. For example, the relatively large cell sizes of cosmopolitan cyanobacteria such as Synechococcus and Prochlorococcus has likely resulted in a considerable underrepresentation of such sequences in the GOS data set (6) , and hence of CalvinBassham-Benson cycle sequences. Thus, attempts to infer the abundance of the novel CO 2 -fixation pathway relative to the (cyanobacterial) CalvinBassham-Benson cycle based on the number of sequence reads with gross similarity to 4HCD and RuBisCo, respectively (1), should be considered with caution.
Third, below the euphotic zone (>150 m), pelagic crenarchaeota are known to make up a large fraction of total marine picoplankton (7) and to perform pivotal roles in marine nitrogen and carbon cycles (8) . Based on an analysis of the GOS ocean surface metagenome data, Berg et al. alluded to the existence of a "group of TECHNICAL COMMENT Department of Molecular Evolution, Evolutionary Biology Centre, Uppsala University, Uppsala, S-752 36 Sweden.
*To whom correspondence should be addressed. E-mail: thijs.ettema@ebc.uu.se (9) of proteins encoded by the genes flanking the 4HCD sequences in the GOS scaffolds. The GOS1 and GOS2 clades are dominated by bacterial genes (also see fig. S1 ), indicating that these 4HCD gene products are unlikely to function in the proposed archaeal 3-hydroxypropionate/ 4-hydroxybutyrate pathway for CO 2 assimilation. As a control, the results for the same BLASTP-search-based method are depicted for 50 random proteins from C. symbiosum and P. pacifica, respectively (excluding self-hits). The phylogenetic tree of the 4HCD proteins is based on the same sequence alignment as in Berg et al. abundant mesophilic autotrophic crenarchaea" in the ocean surface waters, which they propose use the 3-hydroxypropionate/4-hydroxybutyrate pathway for CO 2 assimilation (1). This hypothesis is not supported by data from the GOS expedition (2), which indicated that archaeal sequences were less abundant by a factor of~33 than bacterial sequences (2.7% and 90.8% of total reads, respectively) (6) . Of the 60 most abundant 16S rRNA ribotypes, Prochlorococcus and Synechococcus show 171-fold coverage of the 16S rRNA gene as compared to 8-fold coverage for Archaea (2) . Thus, there is at least a 20-fold difference between the most abundant cyanobacterial and archaeal species in the upper surface waters.
These apparent discrepancies prompted us to reexamine the data that brought Berg et al. to their conclusion. We carefully reanalyzed the proposed phylogeny of 4HCD protein sequences (9) and, like Berg et al. (1) , observed that the GOS environmental sequences formed a cluster that was more closely related to a clade of anaerobic bacterial species that use 4HCD in fermentation than to the crenarchaea that use this enzyme for CO 2 fixation [figure 3 in (1)]. Within the "marine cluster"-1, the GOS1 and GOS2 groups clustered with high support, whereas the proposed 4HCD from the mesophilic crenarchaeaote Cenarchaeum symbiosum was found to cluster within the GOS3 group (Fig. 1) . The 4HCD homolog from the strictly aerobic, chemoheterotrophic marine myxobacterium Plesiocystis pacifica is also a member of the "marine cluster"-1, but its exact placement could not be resolved in either analysis [ Fig. 1 and figure 3 in (1)] .
Because the phylogenetic analysis fails to distinguish between a bacterial versus an archaeal origin of the environmental sequences in "marine cluster"-1, we analyzed the remainder of the (predicted) genes encoded by the scaffolds on which the 4HCD sequences are located. Sequences that reside on the same scaffold originate from the same species, and an analysis of all genes encoded by the scaffold should in principle distinguish bacterial from archaeal sequences. A search for sequence similarity of proteins encoded by the GOS scaffold using the basic local alignment search tool for proteins (BLASTP) (9) revealed that the scaffolds associated with GOS1 and GOS2 groups are dominated by bacterial genes and are thus likely of bacterial origin (Fig. 1) . The scaffolds associated with the GOS3 group of "marine cluster"-1 contain mostly archaeal genes and might thus be of archaeal origin. Because the 3-hydroxypropionate/ 4-hydroxybutyrate CO 2 assimilation pathway is thought to be restricted to archaeal species, the most plausible explanation is that the bacterial 4HCD-like sequences that dominate "marine cluster"-1 are most likely involved in another pathway.
Furthermore, 4HCD is sensitive to oxygen exposure due to inactivation of the [4Fe-4S] ironsulfur clusters that reside in its active center. The enzyme might be sufficiently stable at the thermophilic, and thus low-oxygen pressure, environments in which members of the Sulfolobales reside. However, the oxygen-rich conditions in the ocean surface waters might require additional measures to prevent inactivation. Interestingly, the amino acid residues that constitute the ironsulfur cluster pocket are not conserved in the "crenarchaea type-2" 4HCD sequences [ figure 3 in (1)], hinting at a possible adaptation toward oxygen exposure. It remains unclear how the seemingly intact iron-sulfur clusters from "marine cluster"-1 4HCDs resist oxygen inactivation.
Finally, Berg et al. predict the 3-hydroxypropionate/4-hydroxybutyrate pathway to be operational in C. symbiosum and Archaeoglobus fulgidus (1). Because we were unable to detect candidate genes for some of the components of the pathway in these species, this conclusion seems premature. For example, candidates for succinyl/malonyl-CoA reductase, succinate-semialdehyde reductase, and the 4-hydroxybutyryl-CoA and 3-hydroxypropionylCoA synthetases are missing or cannot be conclusively identified for C. symbiosum (Fig. 2) . Thus, one cannot rule out that these organisms rely on yet another variant of the 3-hydroxypropionate pathway for CO 2 fixation (10). Future experimental studies of the autotrophic pathways of mesophilic crenarchaeaotes, such as Nitrosopumilus maritimus, should resolve this issue. The anticipated diversity in archaeal CO 2 assimilation pathways resembles the diversity observed in other archaeal central carbon metabolic pathways (11).
13. The identification of a protein with similarity to a given enzyme does not necessarily imply that the enzymatic activity is conserved. For example, the inferred candidate for malonyl/succinyl-CoA reductase identified for C. symbiosum and N. maritimus might rather correspond to aspartate semialdehyde dehydrogenase [ figure S2 in (1) 
